Abstract. We have developed an in vitro system involving digitonin-permeabilized vertebrate cells to study biochemical events in the transport of macromolecules across the nuclear envelope. While treatment of cultured cells with digitonin permeabilizes the plasma membranes to macromolecules, the nuclear envelopes remain structurally intact and nuclei retain the ability to transport and accumulate proteins containing the SV40 large T antigen nuclear location sequence. Transport requires addition of exogenous cytosol to permeabilized cells, indicating the soluble cytoplasmic factor(s) required for nuclear import are released during digitonin treatment. In this reconstituted import system, a protein containing a nuclear location signal is rapidly accumulated in nuclei, where it reaches a 30-fold concentration compared to the surrounding medium within 30 min. Nuclear import is specific for a functional nuclear location sequence, requires ATP and cytosol, and is temperature dependent. Furthermore, accumulation of the transport substrate within nuclei is completly inhibited by wheat germ agglutinin, which binds to nuclear pore complexes and inhibits transport in vivo. Together, these results indicate that the permeabilized cell system reproduces authentic nuclear protein import. In a preliminary biochemical dissection of the system, we observe that the sulfhydryl alkylating reagent N-ethylmaleimide inactivates both cytosolic factor(s) and also component(s) in the insoluble permeabilized cell fraction required for nuclear protein import. Because this permeabilized cell model is simple, efficient, and works effectively with cells and cytosol fractions prepared from a variety of different vertebrate sources, it will prove powerful for investigating the biochemical pathway of nuclear transport.
volving digitonin-permeabilized vertebrate cells to study biochemical events in the transport of macromolecules across the nuclear envelope. While treatment of cultured cells with digitonin permeabilizes the plasma membranes to macromolecules, the nuclear envelopes remain structurally intact and nuclei retain the ability to transport and accumulate proteins containing the SV40 large T antigen nuclear location sequence. Transport requires addition of exogenous cytosol to permeabilized cells, indicating the soluble cytoplasmic factor(s) required for nuclear import are released during digitonin treatment. In this reconstituted import system, a protein containing a nuclear location signal is rapidly accumulated in nuclei, where it reaches a 30-fold concentration compared to the surrounding medium within 30 min. Nuclear import is specific for a functional nuclear location sequence, requires ATP and cytosol, and is temperature dependent. Furthermore, accumulation of the transport substrate within nuclei is completly inhibited by wheat germ agglutinin, which binds to nuclear pore complexes and inhibits transport in vivo. Together, these results indicate that the permeabilized cell system reproduces authentic nuclear protein import. In a preliminary biochemical dissection of the system, we observe that the sulfhydryl alkylating reagent N-ethylmaleimide inactivates both cytosolic factor(s) and also component(s) in the insoluble permeabilized cell fraction required for nuclear protein import. Because this permeabilized cell model is simple, efficient, and works effectively with cells and cytosol fractions prepared from a variety of different vertebrate sources, it will prove powerful for investigating the biochemical pathway of nuclear transport.
T gANSPORr of molecules between the cytoplasm and nucleus occurs through the nuclear pore complex, a large proteinaceous structure that spans the nuclear envelope (18) . The pore complex has a complicated architectural organization and a mass of •125 x 106 D, but only a small fraction of its proteins have been identified and characterized. These include a integral membrane glycoprotein called gp210 (19) , and a group of peripheral membrane proteins containing O-linked N-acetylglucosamine (7, (21) (22) (23) 44) . While detailed functional information has not been obtained on specific pore complex proteins, in recent years general features of transport across the pore complex have been delineated by a combination of structural and physiological approaches.
Cell microinjection studies have shown that the pore complex contains an aqueous channel of ~10 nm diameter that allows nonselective passive diffusion of small molecules and metabolites across the nuclear envelope (40) . Macromolecules larger than 30--40 kD cannot rapidly diffuse across this 10-nm channel, and appear to be transported between the cytoplasm and the nucleus by selective mediated mechanisms (11) . In these cases, the pore complex channel can be exRachel Sterne Mart's present address is Merck, Sharp, and Dohrne Research Laboratories, West Point, Pennsylvania 19486. panded, or gated, to allow rapid transport of particles up to ,~30 nm in diameter (8, 9) . Transport of most proteins and RNA through the pore complex requires energy and is temperature dependent, and therefore is thought to reflect an active process. Individual pore complexes apparently can carry out both protein import and RNA export, and some steps of these two processes occur simultaneously (9) . Thus, the pore complex appears to be an elaborate biochemical machine that can coordinate bidirectional molecular transport across the nuclear envelope.
Most available information on macromolecular transport across the pore complex has come from analysis of nuclear protein import. Transport of many proteins into the nucleus is directed by short amino acid sequences present in the proteins known as nuclear location sequences (NLSs~; 18). NLSs appear to specify interaction with the pore complex, since at reduced temperature or in the absence of ATP colloidal gold particles coated with proteins containing NLSs bind to the pore complex but are not transported into the nucleus (36, 41) . These binding events may represent intermediates in the pathway of protein import that reflect interaction of NLSs with transport machinery of the pore complex. It has been suggested that the NLS provides the signal for gating of the nuclear pore complex channel (2, 12, 38) . A prototypical NLS was described for the SV40 large T antigen that is necessary and sufficient to direct the T antigen from the cytoplasm to the nucleus (28) . It comprises the sequence PK128KKRKV. Mutations in this sequence that replace the second lysine residue greatly diminish its ability to direct nuclear accumulation (25, 28) . Most well-characterized NLSs of nuclear proteins contain a short stretch of basic residues, often flanked by a proline or glycine residue, similar to the NLS of the SV40 T antigen. NLSs can be artificially incorporated in the genes for large nonnuclear proteins and effectively direct nuclear import of the resulting proteins. In addition, synthetic peptides comprising NLS have the ability to direct nuclear import when chemically coupled to nonnuclear carrier proteins (20, 29) .
Recently, two proteins that interact with an NLS with the specificity and high affinity expected for a transport receptor were identified by chemical crosslinking in both the nucleus and cytosol of rat liver (1). Other studies have identified a number of proteins that bind NLS in rat liver, human cells (32, 46) , and yeast (31, 43) . A role for any of these proteins in nuclear protein import has not been established by functional approaches.
Several systems have been described that reconstitute nuclear protein import in vitro to enable biochemical dissection of the transport machinery. The best-characterized system involves Xenopus egg extracts, which contain structural components of the nucleus in a disassembled state. Egg extracts can assemble intact nucleus-like structures around added DNA (33) . Furthermore, when isolated rat liver nuclei (which are not structurally intact) are incubated with egg extracts, a significant proportion of the rat nuclei become sealed by incorporating Xenopus nuclear envelope components.
These nuclei exclude nonnuclear proteins and selectively accumulate Xenopus nucleoplasmin or carrier proteins conjugated to synthetic peptides containing NLSs (36) (37) (38) (39) . U1-trastructural techniques demonstrated that this in vitro transport occurs through nuclear pore complexes. In addition, the lectin wheat germ agglutinin (WGA), which binds to nuclear pore complexes and inhibits nuclear protein import in intact cells (6, 45, 47) , inhibits nuclear import with the cell-free system (14) . Thus, this Xenopus system reproduces major features of nuclear protein import seen in vivo. Other systems to analyze nuclear import have been described using isolated nuclei from rat liver or yeast (24, 26, 34) . While association of proteins with nuclei in these systems reflects some of the characteristics of in vivo protein transport, it has not yet been demonstrated that the nuclei are structurally intact and that protein association with nuclei involves transport through pore complexes.
All of the cell-free transport systems that have been described thus far have the limitation of utilizing nuclei that have been dissociated from other cellular structures. An intact nuclear envelope is essential to obtain transport-related nuclear accumulation of proteins, but it is difficult to isolate intact nuclei using mechanical homogenization of cells. This can be overcome by repair of the nuclear envelope as done with the Xenopus egg extract, but this results in mixing of heterologous nuclear envelope components and possible modification of pore complexes by Xenopus components, thereby complicating analysis of the transport machinery. To study the interactions between the nucleus and the cytoplasm necessary for transport of molecules across the nuclear envelope, it would be desirable to have an in vitro system that preserves as much of the native architecture of the cell as possible, yet can be easily fractionated biochemically.
The results presented in this paper describe a permeabilized cell system for the study of nuclear protein import that satisfies these requirements. This assay is both rapid and simple relative to previously published protocols. The permeabilized cells efficiently and faithfully mimic nuclear protein transport in intact cells in terms of energy requirements and the effects of nuclear protein transport inhibitors. This system has the added advantage that the nuclear envelope remains intact throughout the procedure and that the basic higher-order structure of the cell is maintained. Using this system, we demonstrate that soluble cytoplasmic factor(s) are involved in transport of proteins from the cytoplasm to the nucleus.
Materials and Methods

Cell Culture
Human (HeLa) cells and normal rat kidney (NRK) cells were grown in DME (Gibco Laboratories, Grand Island, NY) containing 10% FBS (Hyclone Laboratories, Logan, UT) and penicillin/streptomycin. Cultures were maintained in a humidified incubator with 5% CO2 atmosphere. Suspension cultures of HeLa cells or a rat hepatoma cell line (HTC) were grown in Jokiik's modified minimum essential medium with 5% FBS. Cells were removed from plastic dishes by trypsinization and replated on glass coverslips 24-48 h before use.
Preparation of Fluorescent Conjugates
Synthetic peptides containing the SV40 large T antigen wild type (CGG-GPKKKRKVED) or a mutant transport-deficient (CGC~PKNKRKVED) nuclear location signal were obtained from Multiple Peptide Systems (San Diego, CA). Before conjugation, the peptides were resuspended in 50 mM HEPES, pH 7.0, and reduced with 50 mM DTT. Reduced peptides were separated from the DTT by chromatography on Sephadex G-10. The peptides containing reduced amino-terminal cysteine residues were mixed at a 50-fold molar excess with the phycobiliprotein allophycocyanin (APC; Calbiochem-Behring Corp., San Diego, CA) that had previously been activated with a 20-fold molar excess of sulfo-SMCC (Pierce Chemical Co., Rockford, IL). After overnight incubation at 4°C the APC-poptide conjugates were separated from free peptides by desalting on Sephadex G-25. The number of peptides conjugated to the protein was estimated by mobility shift on SDS-polyacrylamide gels to be approximately four to eight peptides per APC molecule. The conjugates were then dialyzed against 10 mM HEPES, pH 7.3, 110 raM potassium acetate and stored at 4°C. The concentration of the allophycocyanin conjugates was determined by absorbance at 650 rim.
Preparation of Cytosol Fractions
Exponentially growing cultures of HeLa or HTC cells were collected by low speed centrifugation and washed at least two times with cold PBS, pH 7.4, by resusponsion and centrifugation. The cells were then washed with 10 mM Hepes, pH 7.3, 110 mM potassium acetate, 2 mM magnesium acetate, and 2 mM DTT and pelleted. The cell pellet was gently resnspended in 1.5 vol of lysis buffer (5 mM Hepes, pH 7.3, 10 mM potassium acetate, 2 mM magnesium acetate, 2 mM DTT, 20/~M cytochalasin B, 1 raM PMSF, and 1/zg/ml each aprotinin, leupeptin, and pepstatin) and swelled for 10 rain on ice. The cells were lysed by five strokes in a tight fitting stainless steel dounce homogenizer. The resulting homogenates were centrifuged at 1,500 g for 15 min to remove nuclei and cell debris. The supernatants were then sequentially centrifuged at 15,000 g for 20 rain and 100,000 g for 30 rain. The final supernatants were dialyzed extensively with a collodion membrane apparatus (molecular mass cut-off 25,000 D; Schleicher & Schuell, Inc., Keene, NH) against transport buffer (20 mM HEPES, pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM DTT, and 1 gg/mi each aprotinin, leupeptin, and pepstatin) and frozen in aliquots in liquid nitrogen before storage at -80"C. The protein concentration of HeLa or HTC cell cytosols was 50-60 rng/ml as determined by Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA). Nuclease-treated or untreated reticulocyte lysate was obtained from Promega Biotec (Madison, WI) and processed as described above with the exception that the lysates were centrifuged only at 100,000 g before dialysis and freezing and cytochalasin B was omitted. Reticulocyte lysates used for hexokinase/glucose treatment were not dialyzed and were treated for 15 rain at 30°C with 100 U/ml hexokinase and 10 mM glucose before dilution with 2 × transport buffer and transport substrate. The protein concentration of the reticulocyte lysates was "°50 mg/ml as determined by Bio-Rad protein assay.
Oocytes were prepared from Xenopus lae~'s by disection of the ovary into PBS. The ovary was cleaned of extraneous tissue, blotted to remove excess PBS, and placed in a glass dounce homogenizer with I vol of 20 mM Hepes, pH 7.3, 100 mM potassium chloride, 2 mM magnesium chloride, 1 mM DTT, and I #g/ml each aprotinin, leupeptin, and pepstatin. The oocytes were crushed by two strokes of a very loose fitting pestle. The crude lysate was centrifuged at 2,000 g for 10 min and the crude supernatant frozen in aiiquots in liquid nitrogen before storage at -80°C. When needed, aliquots were thawed and further fractionated as described for the other cell extracts.
Yeast cytosols were prepared from a protease-deficient strain of Saccharomyces cerevisiae (BJ3505) as follows. An exponentially growing culture was harvested by centrifugation, washed, and lysed in transport buffer by vortexing with glass beads. Alternatively, yeast cells were first converted to spheroplasts with 3 mg/ml Zymolyase (Kirin Breweries, Tokyo, Japan) for 30 min at 30°C in 1 M sorbitol, 25 mM ElYrA, 10 mM 2-mercaptoethanol, 40 mM potassium phosphate, pH 7.5. The spheroplasts were collected by centrifugation, washed, and resusponded in 0.3 M mannitol in transport buffer. The spheroplasts were lysed either by five strokes in a tight fitting stainless steel dounce homogenizer or by gentle vortexing in the presence of glass beads. Unbroken cells and cell debris were removed by centrifugation at 1,000 g. Exponentially growing E, coli strain JA226 was lysed by sonication in transport buffer and centrifuged as described above. The yeast and bacterial lysates were then centrifuged at high speed and dialyzed against transport buffer as described above. Oocyte and yeast cytosols and bacterial lysates contained ,'°50-70 mg/mi protein as determined by BioRad protein assay.
Cell Permeabilization and In Vitro Transport
Cells grown on coverslips were rinsed in cold transport buffer followed by immersion in ice cold transport buffer containing 40 #g/mi digitonin (Calbiochem-Behring Corp.; diluted from a 20 mg/mi stock solution in DMSO). The cells were allowed to permeabilize for 5 rain after which the digitonin containing buffer was removed and replaced with cold transport buffer. The coverslips were then blotted to remove excess buffer and inverted over a drop of complete transport mixture on a sheet of part film in a humidified box. The complete transport mixture contained 50-75 % cytosol diluted with transport buffer to give the following final conditions: 25-35 mg/ml protein, 100 nM APC-peptide conjugate, 20 mM Hepes, pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM DTT, 1.0 mM EGTA, 1 mM ATE 5 mM creatine phosphate (Calbiochem-Behring Corp.), 20 U/ml creatine phosphokinase (Calbioehem-Behring Corp.), and 1 gg/mi each aprotinin, leupeptin, and pepstatin. The entire box was then floated in a water bath at 30°C. For the WGA inhibition experiment, the coverslip was incubated with transport buffer containing 50 #g/mi WGA for 15 min at 20"C. The coverslip was then blotted to remove excess buffer and inverted on a drop of complete transport mix. At the end of the assay, each coverslip was rinsed and mounted on a glass microscope slide in a small amount of transport buffer and the eoverslip edges were sealed with nail polish. Sampies were observed by phase contrast and epifluorescence with a Zeiss Axiophot microscope equipped with a 63× planapochromat objective.
The amount of protein solubilized by digitonin permeabilization of the cells was determined using [3SS]methionine-labeled HeLa cells. HeLa cells grown on a 100-ram tissue culture dish were labeled for 14 h with 5 t~Ci/mi [35S]methionine in DME containing one half the normal methionine and 5 % FBS. Before permeabilization, the cells were again labeled for 3 h with 20 tzCi/mi [3SS]methionine in methionine-free medium containing 5% FBS. The cells were rinsed thoroughly in PBS and permeabilized as described above. The extracted material was centrifuged at 12,500 g for I0 rain and aliquots of the supernatant were counted in liquid scintillation cocktail. The permeabilized cells were scraped from the plate with a rubber policeman, suspended in a small volume of buffer, and aliquots were counted in liquid scintillation cocktail.
Time Course of Nuclear Transport
After incubation for the indicated times, coverslips were blotted without rinsing and mounted on a slide in 8 gl of the same mix in which the coverslip had been incubated. The slidds were then immediately observed in the microscope and photographs were taken with Kodak T-Max film. The fields photographed were chosen essentially at random, Quantitation of the amount of nuclear accumulation of the fluorescent probe (compared to the initial level of normuclea r fluorescence in the reaction) was determined by densitometric scanning of the negatives with a scanning laser densitometer (LKB Instruments, Inc., Gaithersburg, MD) and comparison to values generated from a standard curve representing different concentrations of the APCpeptide conjugate
N-ethylraaleimide (NEM) Treatment
Cytosol fractions to be treated with NEM were first dialyzed in transport buffer containing~0nly 0.5 mM DTT. Treatment of the cytosol was carried oui with 5 mMNEM alone or 5 mM NEM + 10 mM DTT for 10 min at 4°C followed byquenching of the NEM-treated sample with 10 mM DTT. The.permeabilized cells used to assay the treated fraction were prepared as described abOve. For NEM treatment of the transporting cells, cells permeabilized as doscribed above were first rinsed with transport buffer without DTT then incubated with transport buffer containing 1 mM NEM or 1 mM NEM + 2 mM DTT for 10 min at 4"C. The coverslips were then rinsed in transport buffer Containing 10 mM DTr. Untreated cytosol fraction used with the treated cells was prepared as described above.
Antibody Staining
Staining with RL2 (44; a mouse mAb recognizing nuclear pore complex antigens) or with mouse anti-DNA antibodies (27) was carried out by rinsing the coverslips in 0.2 % gelatin dissolved in PBS and incubating the coverslips for 15 rain at room temperature with the appropriate antibody diluted in gelatin-PBS. The coverslips were rinsed and incubated for an additional 15 rain with a secondary antibody conjugated to fluorescein diluted in gelatin-PBS. To examine cells treated with Triton X-100, coverslips were first incubated in PBS containing 0.2 % detergent for 6 rain at room temperature, and antibody incubations were subsequently performed as described above.
Results
Cell Permeabilization
To study the biochemical events in nucleocytoplasmic transport, we have developed a permeabilized cell system that faithfully mimics nuclear protein import seen in the intact cell. Cells are permeabilized with the weak nonionic detergent digitonin, which at low concentrations selectively perforates the plasma membrane releasing cytosolic components from cells while the nuclear envelope and other major membrane organelles remain intact. Digitonin preferentially permeabilizes the plasma membrane compared to internal cellular membranes due to the plasma membrane's proportionally higher cholesterol content (5). Cells permeabilized with digitonin have been used to study various cellular processes, including those involving membranous organelles (3, 30) .
The plasma membrane of HeLa cells grown on glass coverslips can be efficiently permeabilized with 40 gg/ml of digitonin (Fig. 1) . To evaluate the integrity of the plasma membranes and nuclear envelopes of cells after detergent treatment, we incubated unfixed permeabilized cells with either RL2, a monoclonal IgG that reacts with O-linked glycoproteins of the pore complex, or with anti-DNA antibodies. The plasma membranes of detergent-treated cells are freely permeable to macromolecules the size of IgG (Fig. 1) , since the antibody RL2 decorates the nuclear envelope (44). However, the nuclear envelope in these cells is structurally intact, since anti-DNA antibodies, which are too large to diffuse through the pore complex in vivo, do not bind to the nuclear interior of the permeabilized cells (Fig. 1) . In contrast, when the permeabilized cells are extracted with the nonionic detergent Triton X-100 to disrupt the nuclear envelope before antibody incubation, the nucleus is strongly labeled with the anti-DNA antibody, and RL2 labels intranuclear proteins that it recognizes in HeLa cells in addition to antigens on the cytoplasmic surface of the pore complex. While digitonin treatment releases ,o18% of the total cellular protein (see Materials and Methods), it does not lead to any gross changes in cell morphology detectable by phase-contrast microscopy (Fig. 1 ). These results demonstrate that using these conditions of digitonin permeabilization, the plasma membrane is perforated to allow release of cytosolic components and access of macromolecules to the nuclear surface, yet the nuclear envelope remains intact.
Cytosol-dependent Nuclear Protein Import in Permeabilized Cells
We chemically coupled synthetic peptides containing the NLS of the SV40 large T antigen to the naturally fluorescent protein allophycocyanin (APC) to generate a substrate to study NLS-dependent nuclear protein import. APC has a molecular mass of 104,000, and is too large to enter the nucleus by passive diffusion (4, 11) . Therefore, import of this substrate into intact nuclei would require mediated mechanisms. When the APC-peptide conjugate containing the wild type NLS is incubated with permeabilized cells in transport buffer alone or in buffer supplemented with ATE no nuclear accumulation is observed (Fig. 2) . However, if the transport substrate is incubated with permeabilized cells in the presence of cytosol from rabbit reticulocytes, the APC-peptide conjugate is rapidly concentrated in the nucleus (Fig. 2) . This accumulation is ATP dependent, since no nuclear import is observed if the reticulocyte lysate is first depleted of ATP by extensive dialysis or by treatment with hexokinase/ glucose (Fig. 2) . Addition of ATP to the dialyzed cytosol restores transport activity, but addition of GTP alone does not. While the undialyzed reticulocyte cytosol is capable of supporting transport without the addition of exogenous ATP or an ATP regenerating system, cytosol was routinely dialyzed to equilibrate in transport buffer, and exogenous ATP and an ATP regenerating system were added for transport studies. The nuclear envelope remains structurally intact as a diffusion barrier throughout the transport assay. When permeabilized cells are incubated with an anti-DNA antibody after transport, the anti-DNA antibody is completely excluded from the nucleus (Fig. 3) . In contrast, the nucleus becomes strongly labeled with the anti-DNA antibody when the nuclear envelope is disrupted with Triton X-100 after the transport reaction (Fig. 3) . The APC-peptide conjugate is completely released from nuclei after transport when the nuclear envelope is disrupted with Triton X-100 (Fig. 3) or by mechanical disruption induced by gently shearing coverslips across the mounting slide (data not shown). This demonstrates that retention of the APC-peptide conjugate in the nucleus is due to an intact nuclear envelope rather than binding to intranuclear components. Maintenance of the structural integrity of the nuclear envelope during incubation at 30°C does not depend on the presence of cytosol during the transport reaction, since permeabilized cells incubated with transport buffer alone lacking ATP exclude anti-DNA antibodies added at the end of the transport incubation (data not shown).
The nuclear-associated APC-peptide conjugate in these assays is mainly present in the nuclear interior, as evident from observing the nucleus in successive focal planes. For example, in planes imaging the center of the nucleus, nuclear envelope proteins present a rim distribution in immunofluorescence labeling (Fig. 1) , while the APC conjugate is diffusely distributed throughout the nuclear interior (Fig. 2) . We do not observe binding of the substrate to nuclear envelopes by fluorescence microscopy when permeabilized cells are incubated with cytosol lacking ATE in contrast to the results of others (36) . This is possibly due to the relatively low amount ofpeptide crosslinked to our transport substrate, compared to the other studies (36; see Discussion).
Specificity of Transport
The transport of the APC-peptide conjugate is specific for a functional NLS, since an APC-peptide conjugate containing a mutant sequence that is severely deficient for nuclear transport does not enter the nucleus, in contrast to the wild type APC conjugate which becomes highly concentrated in the nucleus (Fig. 4) . Allophycocyanin modified with only the crosslinking reagent also is unable to enter or accumulate in the nucleus (data not shown). Previous studies have shown that nuclear protein import is inhibited by the lectin WGA both in vivo and in vitro (6, 14, 45, 47) , presumably through its interaction with nuclear pore complex proteins containing O-linked N-acetylglucosamine residues (7, 21, 22, 23) . When permeabilized cells are preincubated in transport buffer containing 50/~g/ml WGA before incubation in complete transport mix without added lectin, transport is totally inhibited (Fig. 4) . The transport reaction is also temperature dependent. If the assay is carried out at 4°C, no transport is observed. Therefore, ATP hydrolysis is probably necessary for nuclear protein import as previously suggested (36, 41) .
Time Course of Accumulation
Nuclear import of proteins synthesized in vivo is very rapid being largely completed within 15 min (42) . The nuclei of permeabilized cells also rapidly import a nuclear transport substrate, accumulating up to 30-fold concentration of the APC-peptide conjugate compared to the background fluo- (Fig. 5) . Routinely, greater than 97% of cells on the coverslips are capable of accumulating the APC-peptide conjugate to high levels after a 30-min incubation, and at least 35 % of the nuclei have accumulated the substrate to levels greater than 20-fold over background. Of the remaining cells that do not transport to significant levels, approximately half accumulate small amounts of substrate while the remainder do not accumulate the substrate. Most nuclei of permeabilized cells import substrate at a roughly similar rate, as shown in the histograms in Fig. 5 where the amount of APCpeptide conjugate accumulated in a population of nuclei after different incubation periods is shown. There is no apparent lag phase in transport, since by 5 rain after addition of the transport mix to the cells, accumulation to an average of fourfold above background is observed (Fig. 5) . Even after only 1 vain, significant transport has occurred so that the nuclei have accumulated the conjugate to concentrations slightly higher than the background fluorescence (data not shown).
Application to Different Cell 1),pes
An important attribute to the nuclear import system we have described is its ability to be adapted to a number of different vertebrate cell types and species. As shown in Table I , a number of different combinations of permeabilized cells and cytosol fractions successfully support nuclear protein import. While rabbit reticulocyte lysate is routinely used as the source of cytosol, this can be substituted with comparable results by cytosols prepared from HeLa cells, HTC cells (a rat hepatoma cell line), or Xenopus oocytes. Also, both HeLa and NRK cells (a rat liver cell line) can provide a source of permeabilized cells that are active in nuclear protein import. Therefore, the required cytosolic factors appear to be exchangeable among the vertebrate cells we have tested. With our conditions, cytosol from the yeast S. cerevisiae do not support nuclear protein import in permeabilized mammalian cells. It is unlikely that this is due to the inability of yeast factors to recognize the SV40 large T antigen NLS, since this sequence has been shown to be functional in yeast both in vivo (35) and in vitro (43),
Characterization of Transport Factors
Preliminary characterization of the soluble transport factors present in dialyzed cytosol reveals that they are not pelletable at 100,000 g (see Materials and Methods). The factor cannot be nondialyzable ATP, as ATP alone does not allow transport, even in the presence of concentrated protein solutions ( Fig. 2 and Table I ). It is unlikely that calcium is required for transport in this assay since the assay is normally carried out in the presence of 1 mM EGTA and lysates prepared in the presence of 10 mM EGTA are capable of transport (data not shown). Preliminary results indicate that the cytosolic factor does not contain any RNA, or at least one that is sensitive to digestion with m i c~a i nuclease. Reticulocyte lysates treated by the manufacturer to remove mRNA are fully functional for transport as are crude lysates.
The Journal of Cell Biology, Volume 111, 1990 effects of the inhibitor. While treatment of permeabilized cells with as low as 1 mM NEM completely abolishes the capacity for nuclear import, 5 mM NEM is required to inactivate the cytosol. Therefore, it is most likely that at least two NEM-sensitive factors are involved in nuclear import having different sensitivities to NEM inactivation, one in the soluble cytosol and a second in the permeabilized cells (Fig. 6 ).
Since the untreated cytosol is unable to rescue transport in NEM-treated permeabilized cells, and untreated cells do not support transport with NEM-treated cytosol, it is unlikely that the NEM-sensitive factors present in the cytosol and the permeabilized cells are identical.
Discussion
In this paper we describe a novel cell-free system to study nuclear protein import using cultured mammalian cells that Table I . have been permeabilized with digitonin. While digitonin treatment efficiently renders the plasma membranes of mammalian cells permeable to macromolecules, the integrity of the nuclear envelope and many other cellular structures are preserved with our extraction condition.s. Transport is dependent on supplementing the permeabilized cells with cytosol, indicating that soluble cytoplasmic factors released during cell permeabilization are required for transport of proteins from the cytoplasm to the nucleus. Accumulation of proteins in the nucleus in this system is specific for proteins containing a functional NLS such as the wild type SV40 large T antigen NLS, but not for a protein containing a nonfunctional mutant NLS. Furthermore, the accumulation is ATP and temperature dependent and can be inhibited by the lectin WGA which binds to pore complexes and inhibits nuclear import in vivo. Thus, the features of this permeabilized cell system closely resemble the characteristics of nuclear protein import seen in intact cells. They also are similar to many features of nuclear protein.import obtained with a cell free system that utilizes Xenopus egg extracts to assemble or reseal nuclei. While several biochemical components of the nuclear pore complex have been identified recently (7, 19, 44) , little is known about the mechanism for translocation of proteins across the nuclear envelope and the involvement of specific pore complex proteins and nonnuclear components in this process (10) . Initial attempts to dissect the process of nuclear import into distinct steps have identified potential intermediates in this process. In the absence of ATP and at reduced temperature, NLS-containing substrates with a high density of NLS associate with the pore complex but are not imported into the nucleus both in vivo (41) and in vitro (36) . Similarly, pore complex-bound transport ligand was observed when transport was blocked by preincubation with WGA (14) . Whether these pore complex-bound ligands are true biochemical intermediates that can be imported into the nucleus upon subsequent incubation under nonrestrictive conditions has not been experimentally determined. In the work described here, no significant association of transport substrate with the nuclear envelope is observed by fluorescence microscopy in the absence of ATP or when transport is inhibited by WGA. The transport substrates used in this study have a low peptide to protein ratio (four to eight peptides/protein) which probably more accurately reflects the state of native proteins in the cell. We have not determined whether pore complex binding can be detected using ligands with increased signal sequence to protein ratios, which is reported to enhance binding (36) . A recent reported described two NEM-sensitive cytosolic factors necessary for obtaining nuclear protein import in a cell-free system involving incubation of isolated rat liver nuclei with Xenopus egg extracts (37). It has not been determined whether the cytosolic factors in this system are required to make the isolated rat nuclei competent to import proteins, or whether they are involved in the transport process itself. In addition to resealing the isolated rat nuclei, the Xenopus extract also may supply nuclear factors lost from the rat nuclei during preparation, such as nuclear pore complex components that are abundantly present in the Xenopus nuclear assembly extract (13, 33, 39) .
H e t e r o l o g o u s Cell L y s a t e s S u p p o r t N u c l e a r I m p o r t
The cytosolic factors described in this study are unlikely to be involved in nuclear envelope assembly or stability since the nuclear envelope in the digitonin permeabilized cells remains intact throughout the transport assay, even when cytosol is omitted. Furthermore, only very small amounts of unassembled nuclear envelope proteins are present in the interphase cell cytosol used to support transport in permeabilized cells. Thus, it is very unlikely that the added interphase cytosol modifies preexisting nuclear envelope structure in the permeabilized cells, in contrast to Xenopus egg extracts.
The transport factors are removed from the ceils by gentle permeabilization of the plasma membrane and are therefore likely to be freely soluble in the cytoplasm or very loosely associated with intracellular structures. The absence of a lag phase and the rapid nuclear accumulation of substrate in the permeabilized cell system suggests that the cytosolic factors are not involved in forming supramolecular complexes, or that they do so very quickly. Since the factors can be supplied back to the cells by an extract made from anucleate cells (rabbit reticulocytes), they are likely to be truly cytoplasmic. However, it cannot be totally excluded that they are released from the nucleus during maturation of the reticulocyte.
The results presented here differ from two earlier reports (24, 34) which suggested that isolated rat liver nuclei in buffer alone are capable of nuclear protein import. While these reports described an NLS-dependent association of proteins with nuclei, it is not clear whether these systems measured transport of substrate across the nuclear envelope of intact nuclei, or binding of substrate to the nuclear pore complex and/or nuclear contents of nuclei that are leaky. Since NLS binding proteins apparently are present in the nuclear contents as well as cytoplasm (1, 32, 46), signaldependent association of proteins with nuclei cannot be interpreted to suggest transport through the pore complex unless the nucleus is shown to be structurally intact. In the latter case, entry into the nucleus would be restricted to mediated transport through the pore complex. If authentic nuclear protein import occurred in these studies, cytoplasmic factors may have contributed to nuclear accumulation of substrate due to significant cytoplasmic contamination of the nuclear preparations. Recently, in vitro association of NLS-containing substrates with isolated yeast nuclei was reported that was dependent on ATP and calcium (26) . Small amounts of reticulocyte lysate were present in the assays, and could have supplied necessary factors for the observed nuclear association.
Using synthetic peptides as probes, a variety of proteins that bind nuclear location sequence have been identified in mammalian and yeast cells (1, 31, 32, 46) . Two polypeptides of molecular mass 60 and 70 kD of rat liver that bind the SV40 large T antigen nuclear location sequence with high affinity and specificity were found to be in both the cytoplasm and nucleus, suggesting that they may function as receptors for protein import that shuttle between the cytoplasm and the nucleus (1). A cell physiological approach has also suggested the existence of cytoplasmic binding sites for NLS (4) . The relationship of these NLS binding proteins and the soluble factors identified here is currently being investigated.
It has been proposed that 3--4 nm diameter fibers seen by electron microscopy emanating from the cytoplasmic face of the nuclear pore complex in oocytes may be involved in transport (15) (16) (17) . If these fibers exist in the somatic cells of higher eukaryotes, the permeabilized cells described here should preserve the structure of these components and their spatial relationship to other cellular components. Thus, it should be possible in future studies to analyze the functions of these fibers and their possible relationship to other transport factors in this permeabilized cell system.
In conclusion, the permeabilized cell system we have described to analyze nuclear protein import should prove particularly useful in future work to identify soluble factors involved in transport, to characterize intermediate steps in the process, and to define other biochemical features of this process. This system also may prove useful for analyzing RNA export from the nucleus. Since the system can utilize homologous components and is not dependent on repair of isolated nuclei, biochemical dissection of components required specifically for nuclear transport should be facilitated.
